Abstract A dry pond is an urban drainage component designed to temporarily store stormwater runoff and to encourage infiltration of surface water to the subsurface layer. This paper investigates field measurement of a dry pond at Taiping Health Clinic, Perak, Malaysia that has been functioning well for five years. The pond has a surface area of 195 m 2 , maximum depth of 32 cm, and a storage capacity of 31.88 m 3 . The study focused on the infiltration functionality of the constructed dry pond and the results show that it has an average infiltration rate of 125 mm/h and dries up in 330 min after being filled to a depth of 31 mm. A public-domain hydrological model was then employed to simulate hydrographs of ponding and draining, the results of which matched observations with 86-98% accuracy. These results can lead to better understanding of the system and allow duplication of such a drainage design elsewhere. 
INTRODUCTION
A dry detention pond is an on-site detention (OSD) facility that is normally dry or empty when not in operation. It is designed to capture, temporarily hold and gradually release a volume of stormwater runoff to attenuate flow and to prevent flash flooding (Hussain et al. 2006 , Zakaria 2007 .
In urban stormwater management, wet ponds are reported extensively in the literature (e.g. Harrell and Ranjithan 2003 , Zakaria et al. 2003 , Frma and Waarab 2005 , Kamphorst et al. 2005 , Cheng 2008 , Hancock et al. 2010 , Shamsudin et al. 2011 . However, for dry ponds there is generally a lack of performance data (Hatt et al. 2009 ). This Technical Note presents the results obtained from a field study ISSN 0262-6667 print/ISSN 2150-3435 onlineand computer simulations to further explore the functionality of a dry pond, including: storage capacity, variation of infiltration rate, response to rainfall and drying-up period. The results may help to guide the design of such a stormwater facility by interested bodies.
DESCRIPTION OF THE STUDY AREA
A small-scale sustainable urban drainage system (see Fig. 1 (DID 2000) .
The drainage system uses a "control at source" principle, simulating the natural hydrological cycle in urban areas by combining infiltration, detention storage, retarded flow, as well as runoff treatment techniques, as shown Fig. 2 . Among the stormwater facilities provided by the system are: grassed swale, underground detention storage tanks and dry ponds (REDAC 2005) .
The dry pond reported in this paper (see Fig. 3 ) is designed with a storage function both above and below ground to cater for rainfall with an average return interval (ARI) of 10 years. It has a maximum depth of 320 mm and surface area of 194.62 m 2 with a maximum storage of 31.88 m 3 (see Fig. 4 ). In the case of more intense rainfall, the water in the dry pond will flow directly to a grass swale nearby, through a spillway to avoid overflow (see Fig. 1 ).
The ground surface of the pond is planted with "cow" grass, while the pond outlet consists of small aggregate (see Fig. 5 ), with diameter in the range 3-10 mm, to facilitate infiltration of stormwater from the pond to a subsurface detention storage (see Fig. 3 ) in less than 24 h.
METHODOLOGY
The engineering design of the dry pond concentrates on its infiltration ability. In this context, a variety of mathematical methods, such as the Phi Index, Horton equation, NRCS Curve Number (CN) and GreenAmpt equations, are available for the computation of infiltration. However, based on its ability to model incremental and cumulative infiltration founded upon physically-based soil parameters, the Green-Ampt equation were selected to quantify infiltration in this study.
The Green-Ampt equations compute infiltration in pervious units in two stages: (a) prior to saturation of the ground surface; and (b) after saturation (Mein and Larson 1973) . For each time increment during which the rainfall intensity, i, is taken as constant, the actual infiltration rate, f, is given by: 
where F is the cumulative infiltration volume since the beginning of the rain event (mm); F s is the cumulative infiltration volume required for ground surface saturation (mm); i is rainfall intensity, constant over the time step (mm/h); f p is infiltration capacity (mm/h); f is the infiltration rate (actual) (mm/h); S is capillary suction at the wetting front (mm of water); IMD is the initial moisture deficit of the soil for the rain event (mm/mm); and K s is the saturated hydraulic conductivity of the soil (mm/h). In order to further explore the functionality of the dry pond, a public-domain Stormwater Management Model, EPA SWMM 5 (US Environmental Protection Agency, http://www.epa.gov/athens/wwqtsc/html/ swmm.html), was employed to execute the underlying mathematics (see Fig. 6 ). The project model being developed has a catchment area of 1430 m 2 (mainly the rooftop of the clinic building), while the dry pond is considered as a storage unit.
In order to provide the model with necessary data, a field study was carried out to collect the following:
-detailed topographic survey data of the pond and surrounding area; -infiltration data using double-ring tests, to an accuracy of ±0.5 mm; -rainfall data-an automatic raingauge was installed in the compound of the study area; the recorded rainfall data have an accuracy of ±0.05 mm and a continuous time step of 5 min. -water levels in the dry pond (at three locations) measured with a stick gauge to an accuracy of ±0.5 mm; readings at each observation point were taken initially at 1-min intervals, and then at 10 min intervals, until the pond was emptied.
The rainfall and water-level data were collected for a period of 9 months, from July 2009 to March 2010, which included the monsoon season with frequent and heavy rainfall from November to January. Overall, more than five complete data sets, including a 10-year ARI rainfall event (3 January 2010), were collected for the analysis. These data are crucial to provide the model with a proper ground model, necessary inputs, as well as to provide data for calibration and validation of results from model simulation.
RESULTS AND DISCUSSION
Several in situ infiltration tests were carried out to study the infiltration rate in the pond. Generally, similar results were obtained, with an equilibrium of infiltration rate, f c , of 3mm/h in all cases, and initial infiltration rate, f o , in the range 25.78-26.13 mm/h. An example graphical representation of the infiltration rate in the pond with combined top soil and river sand types is shown in Fig. 7 . This graph shows that the infiltration capacity can be represented as a function of time similar to the Horton equation. Such a relationship is useful for the analysis of infiltration only if the volume of water infiltrated, or whether the rainfall rate is greater/lower than the infiltration rate, can be ignored. Among the parameters that are important in simulating the variation of water level in the dry pond are the hydraulic conductivity, K, and suction head, ψ, of the soil type. In this case, the calibrated value of K is 125 mm/h, while ψ is 55 mm. The data for several rainfall events were obtained for analysis in this study. Generally, it is observed that the pond responds fairly well to rainfall, with the water level achieving a peak when rainfall is at a peak. After filling to a depth of 31 cm, the pond was found to dry up through infiltration in 5.5 h (see Fig. 8 ), which satisfies the suggested design criteria (i.e. empty in <24 h).
Examples of model simulation are depicted in Figs 8 (multiple events) and 9 (single event). The results closely match the observed data in most cases in terms of timing and peak depths, with coefficients of determination, R 2 in the range of 0.86-0.98. 
CONCLUSIONS
A public-domain hydrological model was adopted to simulate the emptying of a dry pond by infiltration processes. The maximum capacity of the dry pond was found to be at 31.88 m 3 . When the depth reached 32 cm, the pond dried up through infiltration in less than 5.5 h. The hydraulic conductivity, K, is 125 mm/h and suction head is 55 mm. The R 2 values obtained from measuring the accuracy of this water depth model indicate that the model represents the field data quite well. The model can be employed as an effective tool or, alternatively, to continue simulations to evaluate the emptying capacity of other dry ponds.
